The self-assembly of floating particles is a widely observed phenomenon. Ideally, rafts of identical floating spheres or cylinders should assemble in a closed-packed fashion. However, rafts are observed to exhibit large and various defects, and we show that the conjunction of lateral liquid bridges between particles and contact angle hysteresis freezes the rotation of particles around their neighbors, a mechanism that generates imperfect rafts. Conversely, we demonstrate how this capillary bond can be exploited to sculpt 2D aggregates far from equilibrium that are persistent.
■ INTRODUCTION
Dense (or buoyant) particles at liquid surfaces interact owing to the deformation they generate at the surface. Nicolson 1 was the first to suggest that similar spheres floating at the surface of a pool tend to attract each other ( Figure 1a ). As shown by Kralchevsky et al., 2−4 this so-called lateral flotation force (LFF) is quite general. The attraction takes place provided the floating bodies have similar menisci: as the particles are brought into contact, a fraction of these menisci are suppressed, which leads to a decrease in surface energy. This argument implies that the range of the interaction is the range of the menisci, that is, a few times the capillary length, typically around 1 cm. Vella 5 and Abkarian 6 pointed out that the resulting pair is heavier and slightly sinks so that the LFF may also have a gravitational component. However, similar interactions can still be observed on a much smaller scale where gravitational effects are negligible: if the particles are irregular (physically or chemically), then they also deform the interface on which they sit, which again generates an attraction, as studied more particularly by Loudet, 7 Yu, 8 Stebe, 9, 10 and Vermant. 11 These arguments allow us to understand that a triplet of floating particles similarly tends to adopt a compact shape once the two-body interactions have formed it, as sketched in Figure  1b . The surface energy of the triplet is a function of its internal angle ϕ, and this energy can be evaluated using Surface Evolver 12 for the configuration of three cylinders of radius R floating on their base. If we calculate the surface area and plot the corresponding surface energy (normalized by the natural scale γR 2 , where γ is the liquid surface tension) as a function of ϕ (Figure 1c ), we observe that the looser the structure (that is, the larger ϕ), the larger the surface energy, which becomes a minimum for the most compact state (ϕ = 60°): triplets should spontaneously close. More details on this simulation are given in the Supporting Information, and similar calculations of surface energy in self-assembled particles can be found in refs 13 and 14. In most cases, particles at interfaces are not restricted to pairs or triplets, and many particles form a raft, which can eventually sink if it is too large. 6, 7 Again, we expect to reach the minimum in energy if the assembly is compact, 14−16 but rafts selforganizing from a random aggregation of particles are most often far from being dense, 17−20 which primarily arises from the jamming of subunits as they condense. We show in Figure 1d such a raft made of centimeter-sized polyethylene balls seen from the top as it reaches its final equilibrium state: obviously a metastable state as attested to by the presence of holes of various sizes inside the raft. But Figure 1d makes it clear that loose packing also arises from the presence of rigid subunits (three of them are stressed with circles) for which the balls would have enough space and time to reorganize but keep a noncompact shape, in contradiction to the attraction described in Figure 1b ,c.
Our aim in this letter is to show that hydrophilic particles in contact indeed have rigid bonds, which prevents them from freely rotating. We interpret this rigidity as arising from the existence of lateral liquid bridges between the contacting particles, which, if contact angle hysteresis is present and the forces exerted on the particles not too large, have the ability to act as capillary springs between particles.
■ EXPERIMENTAL METHODS
To test the ability of floating particles to rotate around each other (and thus to rearrange), we built a model experiment on a single bond, that is, on a single pair of particles. We consider centimeter-size cylinders (made of identical bottle caps of height H = 10 mm, diameter 2R = 20 mm, and mass m = 1.1 g) and place them on the surface of a large (metric) pool of water. A grid is placed below the transparent container of water, both to provide a scale (thin and thick lines delimit millimeter-and centimeter-sized cells, respectively) and to monitor the deformation of the water surface from the distortion of the grid. The device and its evolution are followed from the top with a hang-up camera.
■ RESULTS AND DISCUSSION
In this experiment, a first cap is fixed with tweezers, and the second one is left free: when placed about 1 cm from the first one, the free cap is first attracted by the fixed one, and the menisci responsible for flotation and attraction are visible in Figure 2a . We define as a reference axis the line joining the caps' centers, and we force with another pair of tweezers the second cap to rotate by an angle α from this axis (Figure 2a , second image). This angle is increased up to a maximum value of α M (here of about 21°, reached after 2 s); left free from this position, the cap is observed to recover its initial position of α = 0 in about 1 s (Figure 2a , third image). The whole process is filmed (Movie 1 in Supporting Information), and the variation of α as a function of time t is plotted in Figure 2b . A rebound is observed as relaxation occurs, which shows that the dynamics of the process is dominated by inertia.
If close contact between caps is maintained, then all positions α are equivalent in term of surface and gravitational energies. However, we observe in Figure 2a ,b a memory effect: even if a significant rotation is applied, then the second cap is brought back to its initial position, which implies the existence of a springlike link between contacting caps. We interpret the existence of this rigid bond as arising from lateral liquid bridges. 2−4 We consider here the most common situation of a solid partially wet by water (hydrophilic situation, with a contact angle smaller than 90°) so that liquid can rise in the confined region close to the contact, as seen in Figure 3a . If the resulting liquid bridge were ideal (with a unique contact angle given by the ideal Young relationship), then this bridge would reinforce the attraction between adjacent caps but would not generate a restoring force such as observed in Figure 2a ,b. However, partial wetting is (nearly) always accompanied by contact angle hysteresis: 21−23 the bridge pins along the caps so that the rotation will deform only the lateral liquid interfaces (keeping the contact lines pinned, see Movie 2 in Supporting Information) if the prescribed angle α is not too large. Hence, the conjunction of a liquid bridge with line pinning can generate a torque opposing the deformation of the bridge imposed by rotation. We measured contact angles of water on our caps and found advancing and receding angles with respective values of 84 ± 5 and 16 ± 6°, showing a large hysteresis of 68°. This large value arises from our choice of caps with splines and grooves all along the side: these textures provide strong pinning sites for the contact line, which generates a large hysteresis, a favorable situation for evidencing rigid bonds between adjacent particles.
As seen in Figure 3a , the lateral bridge lies along the whole height H of the caps (of radius R). The bridge is simplified and sketched in Figure 3b , where top views show water menisci of height H and width c (the capillary length, which is about 2.5 mm for water), the typical width expected for menisci in corners. We assume that the contact line remains pinned as the right solid is displaced by a distance Rα, corresponding to a rotation by a small angle α for caps. Only the liquid/vapor surface area varies as the bridge is sheared so that the increase in surface energy scales as γHR 2 α 2 / c for small displacements.
Hence we deduce a typical binding force varying as γHRα/ c . This binding force is elastic: for a displacement δ = Rα, it can be written as Kδ, where the stiffness K = γH/ c is scaled by the liquid surface tension γ. For angles on the order of 20°, the magnitude of this force is on the order of 1 mN, that is, large enough to resist perturbations on the surface of water, as observed experimentally. A more detailed derivation of the restoring torque with a two-cap system is given in the Supporting Information.
This general scenario has two natural consequences for the capillary bonds between caps: (i) If increasing the displacement, contact angles can reach either the receding angle or the advancing angle on the solid, which induces the motion of the line and thus the breakage of the link. Hence we expect a critical angle of rotation for the caps, above which the system cannot relax to its initial state. (ii) Lateral bridges such as observed in Figure 3a should not exist for hydrophobic caps, so that the binding force should vanish in this limit. We successively explore these two ideas.
We first show in Figure 2c ,d an experiment similar to that in Figure 2a ,b (Movie 1 in Supporting Information), where the second cap is now rotated around the first one by an angle α M = 35°instead of 21°. As seen in the photographs and in the time evolution of α, the angle also relaxes (final value α f = 13°), yet without recovering its initial state (α = 0°). At such large deformations, the contact lines are forced to move along the lateral walls of the cap so that the initial position cannot be recovered. However, the bridge remains "loaded" in this case, which leads to a partial relaxation by about 20°.
We can suppress lateral bonds by working with hydrophobic caps. To keep the geometry unchanged, we worked with the same caps as previously, yet treated with a solution of Ultra Ever Dry (provided by Ultra Tech), which consists of hydrophobic colloids that stick to the surface, making it both hydrophobic and microrough and hence water-repellent. Measurements of advancing and receding contact angles of water on this modified surface are 136 ± 10 and 106 ± 12°, respectively, whose high values and reduced hysteresis confirm the efficiency of the treatment. With such angles, we expect no capillary rise between contacting caps and thus no bridge. Indeed, we see in Figure 2e ,f (Movie 3 in Supporting Information) that despite the persistence of an attraction between the caps, the rotation of one relative to the other does not produce a memory effect anymore: if we plot the deformation as a function of time, then the final angle is found to remain very close to the imposed angle (α f ≈ α M ) for a deformation of α M ≈ 17°for which a complete relaxation was observed with hydrophilic caps.
These different observations can be made more systematic by measuring the final observed angle α f as a function of the imposed angle α M (starting in all cases from α = 0, as defined (2) Between 15−20°and 60°, the data become highly dispersed: we enter a region where the bond can be broken either because the rotation is not exactly performed in the same way or because pinning can differ between caps. For a bond arising from contact line pinning, the results should fluctuate as the contact angle hysteresis does when measured on different samples or at different locations for a given sample. In this region, the average final angle starts to increase with the applied rotation, which defines a fragile bond. (3) Above 60°, data approach the line α f = α M , which implies a complete breakage of the bond under large shear. This behavior is systematically observed with hydrophobic caps, for which data nicely follow the simple law α f = α M whatever α M . The critical angle becomes so small in this case that we could not measure it with our device (α c ≈ 0). More generally, α c is expected to quantify the ability of lateral bridges to resist shear, and it thus can be seen as a quantity likely to influence the compactness of rafts forming as floating particles gradually condense.
Rigid bonds (i.e., large α c ) can be exploited to design aggregates of a given shape, and we show in Figure 5 how a close-packed triplet (Figure 5a ) can be irreversibly opened with an obtuse angle ( Figure 5b 
■ OUTLOOK
We showed in this article that bonds resisting shear generally exist between contacted particles floating on the surface of a partially wetting liquid. The rigidity of these bonds was interpreted as arising from the pinning of liquid bridges along the particles' sides. The strength of the bonds compares to the attractive or repulsive capillary interaction between particles, so we expect them to influence the aggregation of various sizes of particles provided that the capillary force dominates in these systems. As often occurs, contact angle hysteresis brings about some ability to resist forces, 21−23 as seen, for example, when a drop sticks on an incline, provided these forces are not too large. Often considered to be a drawback, 21−23 contact angle hysteresis can be exploited here to shape the assemblies of particles with a given design and a strong metastability, despite the existence of a compact state of smaller energy.
